Background: Autophagy is essential for normal neuron maintenance but can also promote death. Results: Brain-derived neurotrophic factor (BDNF) increases autophagosome formation but prevents excessive autophagic degradation by activating the mammalian target of rapamycin (mTOR). Conclusion: BDNF-dependent neuron survival requires suppression of autophagic flux, which was impaired by both rapamycin and interleukin-1␤ (IL-1␤). Significance: mTOR inhibition subverts BDNF survival signals. . 3 The abbreviations used are: BDNF, brain-derived neurotrophic factor; mTOR, mammalian target of rapamycin; DIV, days in vitro; ANOVA, analysis of variance; Baf A1, bafilomycin A1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide; IRS, insulin receptor substrate; w/d, withdrawal; CM, chloromethyl; DiI, 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate.
The mammalian target of rapamycin (mTOR) pathway has multiple important physiological functions, including regulation of protein synthesis, cell growth, autophagy, and synaptic plasticity. Activation of mTOR is necessary for the many beneficial effects of brain-derived neurotrophic factor (BDNF), including dendritic translation and memory formation in the hippocampus. At present, however, the role of mTOR in BDNF's support of survival is not clear. We report that mTOR activation is necessary for BDNF-dependent survival of primary rat hippocampal neurons, as either mTOR inhibition by rapamycin or genetic manipulation of the downstream molecule p70S6K specifically blocked BDNF rescue. Surprisingly, however, BDNF did not promote neuron survival by up-regulating mTOR-dependent protein synthesis or through mTOR-dependent suppression of caspase-3 activation. Instead, activated mTOR was responsible for BDNF's suppression of autophagic flux. shRNA against the autophagic machinery Atg7 or Atg5 prolonged the survival of neurons co-treated with BDNF and rapamycin, suggesting that suppression of mTOR in BDNF-treated cells resulted in excessive autophagy. Finally, acting as a physiological analog of rapamycin, IL-1␤ impaired BDNF signaling by way of inhibiting mTOR activation as follows: the cytokine induced caspase-independent neuronal death and accelerated autophagic flux in BDNF-treated cells. These findings reveal a novel mechanism of BDNF neuroprotection; BDNF not only prevents apoptosis through inhibiting caspase activation but also promotes neuron survival through modulation of autophagy. This protection mechanism is vulnerable under chronic inflammation, which deregulates autophagy through impairing mTOR signaling. These results may be relevant to age-related changes observed in neurodegenerative diseases. BDNF 3 has shown promise as a therapy for brain injury or neurodegenerative diseases, as it has been found to improve cognitive function, reduce pathology (1, 2) , and prevent neuron death (3) . BDNF activation of PI3K/Akt is essential for neuron survival in vitro (4, 5) . The PI3K/Akt pathway activates mTOR, which in turn promotes survival through control of protein synthesis, mitochondrial function, and autophagy (6 -9) . Activated mTOR signaling is reported in many cancer cells, and constitutively active mTOR mutants support survival in various cell types (10, 11) . Furthermore, although BDNF activation of mTOR is important for the protein synthesis aspects of memory and long term potentiation consolidation (12) (13) (14) , it is not known whether mTOR activation is essential for BDNF's promotion of neuron survival.
Although activation of mTOR is essential for many aspects of BDNF signaling, inhibiting mTOR can also be beneficial. Inhibiting mTOR with rapamycin can reduce pathology in a Parkinson disease model and extends life span of simple organisms and mice, perhaps through modulation of autophagy (15) (16) (17) (18) . The major form of autophagy, macroautophagy, is a constitutive form of self-digestion that is activated by nutrient starvation, accumulation of misfolded proteins, or mTOR inhibition. Autophagy is an essential component of the stress response of cells (19, 20) ; however, excessive autophagy can lead to cell death (21) (22) (23) (24) . There is evidence that autophagy is impaired in Alzheimer disease (25) , and inhibitors of mTOR such as rapamycin are reported to induce autophagic clearance of pathogenic proteins in neurodegenerative diseases (26, 27) . Considering the contrasting roles of activated mTOR on protein synthesis and autophagy, it was unclear which pathway would be more important for BDNF-dependent hippocampal neuron survival (28) . We therefore determined the molecular signaling pathways and primary mechanism by which mTOR mediates BDNF protection against trophic factor deprivation-induced cell death.
We further explored the endogenous signals that may also regulate mTOR activation. We previously reported that the inflammatory cytokine IL-1␤ impaired BDNF-dependent cell survival and activation of Akt (5) , suggesting that IL-1␤ can act as an endogenous inhibitor of the mTOR pathway. Here, we examined the effect of IL-1␤ on BDNF signaling through mTOR and suppression of autophagy-associated cell death. Our findings suggest that elevated levels of IL-1␤ impair neuronal function and also convert BDNF induction of autophagy from pro-survival to detrimental.
EXPERIMENTAL PROCEDURES
Cell Culture-Primary cultures of dissociated hippocampal neurons were prepared from E18 Sprague-Dawley rats as described previously (29) . Cells were maintained in complete medium, defined as serum-free DMEM supplemented with B27, GlutaMAX, and penicillin/streptomycin (all culture reagents from Invitrogen). Unless otherwise specified, 50 ng/ml BDNF and 50 ng/ml IL-1␤ (PeproTech) were used to be consistent with previous reports from our laboratory (5) , and rapamycin was 200 nM (Cell Signaling).
Survival Assay-At 5 days in vitro (DIV), cells were gently washed twice in withdrawal medium, defined as DMEM with GlutaMAX and penicillin/streptomycin but without B27 to mimic the conditions of published serum withdrawal experiments (4, 5) . The treatment times used here were intended to mimic conditions of chronic inflammation, with 2 h of IL-1␤ pretreatment and 72 h of BDNF treatment. After switching to minimal medium, B27 and IL-1␤ (when applicable) were added immediately; inhibitors (when applicable) were added after 1.5 h, and BDNF was added after 2 h. Cells were maintained at 37°C, 5% CO 2 until 8 DIV, when cell survival was measured using the metabolic colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and absorbance was measured on a plate reader (Synergy-HT BioTek). To assess survival with immunofluorescence, cells were fixed in 4% paraformaldehyde, blocked/permeabilized in 5% goat serum in PBS with 0.1% Triton X-100 for 1 h, and stained for neuronal markers, including microtubule-associated protein 2 (MAP2), a dendrite-specific microtubule-associated protein that reveals cell body morphology, and for DNA using To-Pro3 or DAPI (30, 31) . Because MAP2 staining completely labels neuronal soma, its presence can be used to identify living neurons or to mark the boundaries of the cell body using automated analysis. Antibodies used are listed in Table 1 . MAP2-labeled cells with pale nuclear stain were counted as living. Dead cells were identified by strong To-Pro3 nuclear stain without MAP2 labeling. For quantification of cell survival/death, five separate fields in a grid pattern were quantified to produce a composite mean per treatment group.
For annexin V staining, cells were washed with warm PBS and then incubated in annexin V binding buffer with Alexa Fluor 488-conjugated annexin V (Invitrogen) for 15 min at 37°C. Cells were washed with annexin V binding buffer, fixed in 4% paraformaldehyde in annexin V binding buffer, blocked/ permeabilized, and stained with MAP2 and secondary antibody and coverslipped with DAPI. Healthy cells stain positive for MAP2, negative for annexin V, and show smooth, diffuse DAPI nuclear stain. Early apoptotic cells are outlined with annexin V as membrane inversion exposes phosphatidylserine, and their condensed nuclei stain strongly with DAPI. Dead neurons were identified by a nucleus that lacks MAP2 staining. The absence of annexin V stain on dead or dying neurons suggests that they are dying through a mechanism independent of apoptosis.
Western Blot Assay-After treatment, cells were washed in ice-cold PBS, then lysed in RIPA/Nonidet P-40 buffer containing protease and phosphatase inhibitor mixtures (Pierce, Thermo Fisher Scientific), and immediately frozen. Cells were harvested in Laemmli buffer, boiled, run on Criterion Tris-HCl gels, and then transferred to PVDF membranes according to the manufacturer's instructions (BD Biosciences). Antibodies used are listed in Table 1 . ImageJ software was used for densitometry analysis. For LC3 analysis by Western blot, cells were incubated in 400 nM bafilomycin A1 (Baf A1) for the last 6 h of treatment to prevent complete degradation of autophagic targets.
Electron Microscopy-After 24 h of treatment, cells were fixed overnight at 4°C in 2% paraformaldehyde, 2% glutaraldehyde in 0.1 M cacodylate buffer. Cells were rinsed with 0.1 M cacodylate buffer, postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h, rinsed twice in double distilled H 2 O for 10 min, dehydrated in increasing serial dilutions of ethanol (70, 85, 95 , and 100% two times) for 10 min each, put in propylene oxide (intermediate solvent) for 10 min twice, and incubated in propylene oxide/Spurr's resin (1:1 mix) for 1 h and in Spurr's resin overnight. For embedding, the bottoms were cut off of "Beem" capsules, and the capsules were filled with Spurr's resin and placed upside-down on the cells, and the resin was polymerized overnight at 60°C. The Beem capsules were separated from the glass slides by immersion in liquid nitrogen. Subsequently, cells were sectioned at 60 nm using a Leica Ultracut UCT microtome. Sections were mounted on 150 mesh copper grids, stained with uranyl acetate and lead citrate, and viewed using a JE0L 1400 electron microscope. Images were captured using a Gatan digital camera. Transfections-The enhanced YFP plasmid was obtained from Clontech. Plasmids containing p70S6K (32) in competent DH5a E. coli were as follows: constitutively active p70S6K (Addgene plasmid 8993 pRK7-HA-S6K1-E389-⌬CT), dominant negative p70S6K (Addgene plasmid 8986 pRK7-HA-S6K1-F5A), wild-type p70S6K (Addgene plasmid 8984 pRK7-HA-S6K1-WT), and the empty plasmid (Addgene 10883 pRK7) was used as a negative control. Insert DNA was purified using Invitrogen PureLink HiPure plasmid filter purification kit with precipitator module, resulting in an isolate with very low endotoxins. For p70S6K1 transfections, NanoJuice transfection reagent from Novagen was used (EMD Millipore). At 3 DIV, cells were transfected for 1 h in OptiMEM (Invitrogen) and then maintained in complete medium for 24 h until treatment. To measure survival, the first 15-20 transfected neurons identified from a consistent starting point within each well were imaged and later scored as described above.
Click Chemistry-Click chemistry is a metabolic pulse labeling method that measures protein synthesis with excellent linearity (33) . At 5 DIV, cells were treated by replacement of complete medium with minimal medium containing rapamycin, anisomycin, BDNF, or vehicle. After 24 h, endogenous methionine was depleted by 30 min incubation in medium containing treatments but no methionine or cysteine. Metabolic labeling was performed for the last hour in medium without methionine but containing treatments and 200 M L-azidohomoalanine. For cycloaddition reaction, cells previously fixed, permeabilized, and blocked were incubated in the Click-iT reaction buffer mix with 2 M 488-alkyne for 1 h at room temperature (reagents from Invitrogen). Slides were coverslipped with Gold Prolonged Antifade reagent (Invitrogen) and imaged on an IX70 Olympus confocal microscope with a ϫ20/0.70 objective.
Immunocytochemistry-After treatment, cells were washed in cold PBS, fixed in 4% paraformaldehyde for 20 min, permeabilized for 20 min in 0.3% Triton X-100 in 0.2% BSA/PBS or 10 min in 100% methanol at Ϫ20°C, and blocked in 5% goat serum in PBS with 0.1% Triton X-100 for 30 min at room temperature. Cells were incubated in primary antibody in 5% BSA overnight. Primary antibodies are listed in Table 1 . Secondary antibodies conjugated to Alexa Fluor 405, 488, 546, or 647, annexin V conjugated to Alexa Fluor 488, and CM DiI (Invitrogen) were used. Slides were coverslipped with DAPI/antifade (Millipore) and imaged on an Olympus Fluoview FV1000 motorized inverted laser scanning confocal microscope with either a Plan-Apo ϫ40/1.3 NA or Plan-Apo ϫ60/1.42 NA, both oil immersion in which the laser power and confocal settings were kept constant within experiments. Unless otherwise noted, ImageJ software was used for analysis.
shRNA-mediated Knockdown-Thermo Fisher Scientific GIPZ lentiviral particles encoding GFP and either negative control or shRNA against Atg7 or Atg5 were used to knock down Atg7, 5Ј-AGCATCATCTTTGAAGTGA-3Ј, and Atg5, 5Ј-CGG-TGGCTTCCTACTGTTA-3Ј. At 3 DIV, neurons were infected with either the negative control or shAtg7 or shAtg5. For Western blots, cells infected at 3 DIV were harvested in lysis buffer at 6 DIV and analyzed as described above. For survival experiments, neurons at 5 DIV were rinsed with withdrawal medium and incubated with survival treatments until 8 DIV. They were exposed to DiI for 30 min to stain living neurons and immediately fixed and stained for immunofluorescence analysis as described above (Cell Tracker CM-DiI, Invitrogen), including the pan-neuronal marker Millimark to identify cell morphology. Only living cells convert the colorless compound to a covalently bound fluorescent molecule, producing a specific label of surviving neurons, and only GFP-expressing cells were scored as living or dead.
LC3 Puncta Quantification-The program Volocity (PerkinElmer Life Sciences) was used for unbiased endogenous LC3 puncta analysis in fixed and stained neurons. Cells were identified by Volocity as a region with greater than 1 S.D. higher intensity MAP2 or HA stain than the mean intensity for that individual image. A puncta was identified as a region of LC3 stain that was more than 2 S.D. brighter than the individual image mean. All LC3 puncta larger than 0.1 m within the MAP2 or HA stain were included in analysis, as any smaller puncta would be outside the reported size range of phagophores or autophagosomes of 0.2 to 10 m (34). Autophagic flux, or the rate of protein degradation by autophagy, was defined as the increase in total LC3 area when the last stage of autophagy was blocked by incubation with an inhibitor of the vacuolar H ϩ -ATPase, Baf A1. For immunofluorescence analysis, cells were incubated in 100 nM Baf A1 for the last 6 h of treatment. This lower dose of Baf A1 treatment was found in optimization experiments to preserve cell morphology better than the dose and time treatment used for Western blotting.
Statistical Analysis-Statistical analyses were performed with the GraphPad Prism 5 software. Unless otherwise indicated, a one-way or repeated ANOVA analysis was used to determine the overall effect of treatment, and Newman-Keuls post hoc was used for further analysis where a significant effect was observed in the ANOVA. A value of p Ͻ 0.05 was considered significant for all groups. All results are presented as means Ϯ S.E., unless otherwise noted.
RESULTS mTOR Activation Is Required for BDNF-dependent Neuron
Survival-A classic protocol to measure trophic effects utilizes withdrawal of the cell media supplement serum or B27. Here, neurons grown in enriched medium supplemented with B27 were switched at 5 DIV to withdrawal medium (w/d, without B27) or withdrawal medium supplemented with BDNF. Counts of live/dead neurons in immunofluorescence images after 72 h revealed that the cell numbers in withdrawal medium were 40% of B27 controls, and in withdrawal medium supplemented with BDNF, the cell numbers were 110% of B27 controls, reflecting BDNF trophic support (Fig. 1, A and B) . Addition of the mTOR inhibitor rapamycin (200 nM) attenuated BDNF rescue (49% versus 110% of B27 controls) but did not affect cell survival in cultures that were not treated with BDNF (48% versus 40% of B27 controls, Fig. 1, A and B) . Furthermore, survival measurements by colorimetric metabolic MTT assay confirmed a dosedependent inhibitory effect of rapamycin on BDNF-dependent rescue, IC 50 ϭ 0.2 nM, whereas no dose of rapamycin had an effect on cell survival in withdrawal medium (data not shown). Therefore, rapamycin specifically inhibits BDNF rescue without affecting neuron survival in withdrawal medium.
BDNF signaling through the TrkB receptor activates mTOR through the PI3K-Akt pathway or through the Ras-Raf-MEK-MAPK pathway (35) . To determine which arm of the signaling pathway was important for BDNF rescue, we used specific inhibitors of each pathway and assessed the effect of the inhibitors on BDNF-dependent phosphorylation of mTOR at Ser-2448, a site linked to the mTOR functional activation (36, 37) . As illustrated in Fig. 1 , C and D, 100 M PD98059, an inhibitor of MEK that phosphorylates MAPK, did not block BDNF-dependent activation of mTOR, whereas 0.5 M wortmannin, an inhibitor of PI3K, blocked mTOR activation as did 200 nM rapamycin (the positive control). These results indicate that BDNF activates mTOR primarily through PI3K-Akt and not significantly through MAPK.
Downstream of mTOR, p70S6K is reported to mediate insulin-and IGF-dependent cell survival and to prevent cell death after ischemia, through inactivation of the pro-apoptotic molecule Bad and by regulation of translation (7, 38, 39) . Having determined that mTOR is essential for BDNF-dependent cell survival through pharmacological methods, we next examined the importance of p70S6K in survival by transfecting cells with a dominant negative form of p70S6K1.
We reasoned that if activation of mTOR and p70S6K is essential for BDNF rescue, then transfection with the dominant negative F5A-p70S6K should render neurons resistant to BDNF rescue. F5A-p70S6K neurons had lower survival levels in BDNF than did WT-p70S6K (survival, WT (BDNF) ϭ 74.1% (n ϭ 54) versus F5A (BDNF) ϭ 44.7% (n ϭ 38); WT versus F5A in BDNF Fisher's exact p ϭ 0.005, 2 ϫ 2 contingency table). F5A-p70S6K-transfected neurons survived in withdrawal medium at levels comparable with WT p70S6K-transfected neurons, suggesting that although p70S6K signaling was essential for BDNF's trophic effects, it was not essential for neuron survival in the absence of BDNF trophic signals (survival, WT (w/d) ϭ 53.6% (n ϭ 84) versus F5A (w/d) ϭ 48.7% (n ϭ 39); WT versus, F5A in w/d p ϭ 0.699). This experiment provides genetic support for our conclusion from the rapamycin data, that activation of mTOR and p70S6K is essential for BDNF-dependent neuron survival. Next, we examined the molecular mechanism by which activated mTOR signaling mediates BDNF survival signals.
mTOR-dependent Protein Synthesis Is Essential for Survival but Is Not Selectively Up-regulated by BDNF-mTOR is reported to regulate cell survival through three main pathways as follows: 1) modulation of protein synthesis through phosphorylation of ribosomal protein S6 (38); 2) modulation of mitochondrial activity and suppression of caspase-3 (7, 40); and 3) modulation of autophagy (41) . Because S6 is an evolutionarily conserved component of the 40 S ribosomal subunit, mTOR regulates assembly of the ribosomal complex and 5Ј cap-dependent mRNA translation initiation (42, 43) . In fibroblast and lymphoid cells, activated p70S6K induces production of anti-apoptotic proteins (44, 45) . Thus, we hypothesized that BDNF may promote hippocampal neuron survival by mTOR-p70S6K-induced protein synthesis.
As a first step to test the essential role of mTOR-dependent protein synthesis, we compared the effects of rapamycin (which blocks mTOR) with anisomycin (which blocks all protein synthesis) on BDNF-dependent cell survival. For this, we used the MTT assay and established that anisomycin IC 50 ϭ 27.8 nM. At low doses (rapamycin 2 nM and anisomycin 25 nM), both inhibitors were equally effective in blocking BDNF-dependent survival ( Fig. 2A ) but importantly, treatment with both inhibitors produced an additive effect. In contrast, at high doses (rapamycin 200 nM and anisomycin 25 M), there was occlusion such that the combination produced no more blockade than rapamycin alone (Fig. 2B ). These results are consistent with the hypothesis that neuron survival requires mTOR-dependent protein synthesis.
Next, we assessed the extent to which rapamycin versus anisomycin blocked protein synthesis. Assessment of total protein synthesis rates by pulse labeling after 24 h of treatment (33) revealed that cells in BDNF-containing medium averaged 1.4fold higher rates of protein synthesis than cells in withdrawal medium (Fig. 2, C and D) . Low doses of the inhibitors rapamycin and anisomycin were used to reduce the likelihood of offtarget drug effects. Anisomycin (25 nM) completely blocked protein synthesis in neurons regardless of treatment (Fig. 2 , C and D). Rapamycin (2 nM) reduced protein synthesis in BDNFtreated cells and, surprisingly, also in withdrawal medium by a similar amount. Because mTOR-dependent protein synthesis is not uniquely increased by BDNF, these data suggest that under deprived conditions, mTOR-dependent protein synthesis is not mainly driven by BDNF. Because rapamycin suppressed total protein synthesis (Fig. 2, C and D) but did not affect cell survival in withdrawal medium (Fig. 1B) , increased mTOR-dependent translation is therefore unlikely to be the mechanism by which BDNF promotes neuron survival. Therefore, we examined the remaining putative mechanisms of mTOR-dependent cell survival, mitochondrial and autophagic regulation.
BDNF Suppresses Caspase-3 Activation in a Rapamycin-insensitive Manner-mTOR regulation of metabolism is essential for cell survival, as mTOR regulates mitochondrial function through the mitochondria transcriptional regulator PGC-1␣, reducing accumulation of ROS and inactivating mitochondrial Bad (7, 39, 40) . We reasoned that if mTOR inhibition during BDNF treatment caused cell death through mitochondrial dysfunction, the neurons would subsequently die through caspase- mediated type I cell death (22, 46) . Therefore, we assessed markers of apoptosis to distinguish between cell death due to mitochondrial or autophagic dysregulation. We initially confirmed that BDNF maintained elevated p-S6 levels at least 48 h after treatment ( Fig. 2E ). Next, levels of cleaved (active) caspase-3 were found to be higher in withdrawal medium than in B27-treated cells at 48 and 72 h (Fig. 2, E and F) , consistent with previous reports of growth factor withdrawal-induced apoptosis (10) . Cells treated with BDNF showed consistently low caspase-3 levels at all time points, but importantly, addition of rapamycin did not affect cleaved caspase-3 levels (Fig. 2, E and F) even though it blocked BDNF-dependent cell survival (Fig. 1B) . Furthermore, cells in withdrawal medium often stained positive for annexin V, whereas cells treated with BDNF and rapamycin rarely stained positive for annexin V, a marker of phosphatidylserine inversion that is characteristic of cells undergoing early apoptosis (Fig. 2G) . These data suggest that cells co-treated with BDNF and rapamycin do not die through caspase-associated apoptosis. Furthermore, the data argue against a primary role of mitochondrial dysfunction inducing cell death in neurons treated with BDNF during mTOR inhibition. Having shown that neither mTOR-dependent protein synthesis nor mTOR mitochondrial regulation is likely to be the primary mechanism of BDNF-dependent survival, we next examined the role of autophagy in BDNF-mTOR survival signaling.
BDNF Limits Autophagic Flux through mTOR-During macroautophagy, hereafter autophagy, stages of autophagosome initiation are regulated separately from the final stages of autophagosome-lysosome fusion and subsequent degradation of autolysosome contents. The overall rate of conversion of proteins to metabolites is often described as autophagic flux. Because activated mTOR is known to suppress autophagic flux and rapamycin increases autophagic flux (47, 48) , we hypothesized that in withdrawal conditions BDNF was suppressing excessive autophagy through activation of mTOR. To test this hypothesis, we measured changes in the levels of the microtubule-associated protein 1 light chain 3 (MAP1-LC3/Atg8/hereafter LC3). During autophagosome initiation, cytosolic LC3 (LC3-I) is cleaved to expose Gly-120 and subsequently lipidated to produce LC3-II, which binds to a nascent double-membrane segment called a phagophore (49) . LC3 conversion is dependent on both Atg5 and Atg7, and completion of autophagy reduces endogenous levels of the degradation-tagging molecule, p62. LC3-I and LC3-II have different electrophoretic mobility that allows their identification by Western blot.
LC3-I and LC3-II levels were measured by Western blot at various time points during the treatments in withdrawal medium, i.e. BDNF, rapamycin, and BDNF with rapamycin. After 6 h of BDNF treatment, LC3-I and -II levels were higher than in withdrawal treatment, regardless of the addition of rapamycin (Fig. 3, A and B, light bars) . This may suggest that the neurotrophin increases the biogenesis of the LC3 molecule. LC3-II levels can increase under conditions of increased autophagic initiation or decreased autophagic degradation or a combination of both. To parse out the contributions of autophagosome initiation versus degradation on LC3-II levels, an inhibitor of the last step of autophagy was employed. Baf A1 prevents lysosome acidification and thus the degradation of LC3-II (50) . Addition of Baf A1 to neurons treated for 6 h resulted in significant accumulation of LC3-II only in withdrawal treatment and in BDNF with rapamycin treatment, reflecting high levels of autophagic flux (Fig. 3, A and B, 
dark bars).
After 24-h survival treatments, there was no difference from withdrawal in LC3-I or LC3-II levels in the absence Baf A1 (Fig.  3, C and D, light bars) . However, the addition of Baf A1 induced significant accumulation of both LC3-I and LC3-II levels in neurons treated for 24 h with BDNF and rapamycin, suggesting high autophagic flux (Fig. 3, C and D, dark bars) . These LC3 measurements by Western blot suggest that neurons in withdrawal medium undergo a temporary increase in autophagic flux after 6 h of treatment, although neurons treated with BDNF and rapamycin maintain high levels of autophagic flux after both 6 and 24 h of treatment.
An additional readout of autophagic flux is the endogenous marker, p62, which is degraded by autophagy and accumulates in a delayed manner when autophagic degradation is inhibited (48) . Interestingly, p62 levels were significantly lower in BDNF with rapamycin-treated cells than in BDNF-treated cells after 48 h of treatment (Fig. 3E ). This supports the notion that the addition of rapamycin to BDNF-treated cells robustly enhanced autophagic flux within the first 48 h of treatment. Although mTOR suppression by rapamycin is known to accelerate autophagic flux in complete medium (48) , the combined effect of BDNF treatment with rapamycin had not previously been reported. To document rapamycin induction of autophagy in the presence of BDNF, we examined neurons by electron microscopy after 24 h of treatment. Indeed, mTOR suppression by rapamycin induced the appearance of multiple double membrane-bound, electron-dense vacuoles containing partially degraded organelles consistent with autophagic vesicles ( Fig. 3, G and H) . Also observed were large, empty vesicles consistent with distended cathepsin-D-filled lysosomes described previously (51) .
Endogenous LC3-associated autophagic structures were next probed by immunofluorescence and analyzed quantitatively to define how LC3 structures are regulated in the course of autophagy (48) . Membrane-bound LC3-II appears as discrete puncta (shown in red) associated with large, empty vacuoles in autophagic neurons (Fig. 4A, left) . Similar to LC3-II levels measured by immunoblot, an increase in LC3 puncta number after treatment may reflect either increased autophagic initiation or decreased degradation of LC3 through inhibition of autophagic flux (48, 52) . Fig. 4B shows total LC3 puncta area per cell after 6 h of treatment in complete medium. Baf A1 (100 nM) increased total LC3 puncta area per cell (puncta load) compared with vehicle ( Fig. 4B) . A comparison of the puncta load between Baf A1-treated and vehicle-treated cells reveals the amount of LC3 that would have been degraded if autophagy was allowed to proceed unimpeded or flux (53, 54) .
Baf A1 treatment caused individual LC3 puncta to increase in size, possibly reflecting autophagosome-autophagosome fusion (48) . In contrast, rapamycin (200 nM) accelerates autophagic flux (48) and decreased the total LC3 puncta load compared with control levels (Fig. 4B) . Specifi-cally, rapamycin significantly decreased the number of LC3 puncta, although it did not significantly affect individual puncta size (Fig. 4D ). Rapamycin is reported to increase the proportion of larger, mature autophagolysosomes to smaller autophagosomes (51), so these data likely reflect an acceleration of autophagolysosome maturation and degradation that is triggered by rapamycin.
None of the above treatments significantly affected LC3 puncta size after 24 h (Fig. 5C) ; however, comparison of total LC3 puncta area per cell with versus without Baf A1 reveals that autophagic flux is low in BDNF-treated cells, but addition of rapamycin significantly elevates autophagic flux (Fig. 5, A and D) . These data support our hypothesis that the presence of both rapamycin and BDNF causes neurons to die with elevated autophagy.
Furthermore, LC3 puncta number was lower in cells treated with rapamycin but higher in cells treated with BDNF (Fig. 4, A  and B ) compared with cells in withdrawal medium. Importantly, rapamycin addition to BDNF did not suppress LC3 puncta number to the level of rapamycin treatment alone. This highlights that BDNF acts on autophagy through both mTORdependent and mTOR-independent pathways (Fig. 5B and diagrammed in Fig. 8 ). To evaluate the specific contribution of the mTOR-dependent pathway of BDNF regulation of autophagy, we next examined the downstream target of mTOR, p70S6K, which is critically involved in autophagy regulation.
p70S6K Moderates the Intensity of BDNF-dependent Autophagic Initiation-Having established the role of mTOR in mediating BDNF suppression of autophagy, we returned to examine the role of p70S6K on regulation of autophagy. Phosphorylation levels of p70S6K generally inversely correlate with autophagy levels and therefore are often reported as an indirect marker of autophagy (51) . However, although the rest of the mTOR pathway suppresses autophagy, the molecule p70S6K is essential for induction of normal levels of starvation-induced autophagy through translational regulation of autophagic machinery (55) . In contrast, p70s6k can also act as a negative feedback pathway through inhibitory phosphorylation of proteins upstream of mTOR (56, 57) . Therefore, activation of p70S6K can act as a gatekeeper regulating the magnitude of autophagy activation during starvation-induced mTOR inactivation, as diagrammed in Fig. 8 (58 -60) .
To explore the role of p70S6K, we assessed the effect of p70S6K activation or inactivation on LC3 puncta number in withdrawal medium by transfecting constitutively active ⌬CT- p70S6K. There was a significant effect of BDNF treatment overall, indicating that BDNF can increase LC3 puncta number (two-way ANOVA, medium versus BDNF, p Ͻ 0.0001, Fig. 5F ). Interestingly, in neurons treated with BDNF, expression of ⌬CT-p70S6K resulted in more LC3 puncta per cell than expression of WT-p70S6K.
Because ⌬CT-p70S6K is constitutively active and does not rely on upstream signals for activation, it is resistant to the negative feedback effects of activated p70S6K. Therefore, the increase in LC3 puncta number in BDNF with constitutively active p70S6K suggests that activated p70S6K enhances BDNF autophagosome initiation. It may indicate that p70S6K limits the scope of autophagic induction through its endogenous negative feedback pathway, as modeled in Fig. 8 . LC3 puncta number was similar between dominant negative F5A-transfected cells and controls, suggesting that p70S6K activation is not essential for LC3 puncta formation. These data are consistent with both a positive role of p70S6K in BDNF formation of autophagosomes and also an auto-inhibitory feedback mechanism.
Taken together, the LC3 measurements by Western blot, flux measurements by immunofluorescence, and levels of p62 suggest that 24 h after survival treatment in withdrawal medium, the addition of rapamycin maintains high autophagic flux compared with cells treated with BDNF alone. Furthermore, the lack of active caspase-3 and annexin V staining and high levels of autophagic flux in cells co-treated with BDNF and rapamycin also led us to hypothesize that neurons were dying through autophagy dysregulation.
Neuron Death Induced by BDNF with Rapamycin Treatment Is Prevented by Autophagy Gene Knockdown-If neurons treated with a combination of BDNF and rapamycin were dying due to excess autophagy, then reducing autophagy should rescue them (23, 61) . A commonly used strategy is to target the autophagy-associated protein Atg7, which regulates autophagosome elongation through conjugation of LC3 to vesicle membranes, and knockdown that prevents conversion of LC3-I to LC3-II (23, 62, 63) . We used lentiviral GIPZ particles to infect neurons with shRNA against Atg7 or Atg5, resulting in about 50% transfection efficiency. Infection with either the shAtg7-or shAtg5-encoding lentivirus reduced Atg7 or Atg5 protein levels by 50 and 10%, respectively, by Western blot, when compared with the negative control virus (Fig. 6A) . Expression of either shAtg7 or shAtg5 lentivirus also reduced the conversion of LC3-I to LC3-II, validating the knockdown of autophagy (Fig.  6A) .
Importantly, neurons with reduced autophagy survived better than controls in BDNF and rapamycin co-treatment (Fig. 6,  B and C) . Therefore, genetic reduction of autophagy blocked the harmful effects of rapamycin, consistent with the hypothesis that cells treated with BDNF in the context of mTOR inhibition are dying due to excessive autophagy.
IL-1␤ Prevents BDNF-dependent Neuron Survival through the mTOR-Autophagy Pathway-In addition to rapamycin, endogenous signals may also regulate mTOR activation. Previous reports from our laboratory showed that IL-1␤ impaired BDNF signaling and neuron rescue (5) . IL-1␤ acts as a physiological inhibitor of trophic signaling by preventing transmission of ligand signals through insulin, IGF, and BDNF receptors (5, 64) . Considering the previous data and the canonical BDNF pathway signaling, we hypothesized that IL-1␤ impairs BDNF survival signaling through inhibiting mTOR pathway activation. To test this, the effects of IL-1␤ and rapamycin on BDNFdependent cell survival were compared using the MTT assay. IL-1␤ had no effect on cell survival in withdrawal medium, although IL-1␤ and rapamycin each inhibited BDNF-dependent cell survival (Fig. 7A) . Importantly, addition of IL-1␤ did not significantly affect survival in cells treated with BDNF and rapamycin, producing no additive effect. These results are consistent with the hypothesis that IL-1␤ modulation of BDNF-dependent survival signaling is largely through the mTOR pathway. Furthermore, Fig. 7B shows that cells co-treated with BDNF and IL-1␤ die without elevated active caspase-3 levels, in agreement with the caspase-independent mode of cell death observed in rapamycin and BDNF co-treated cells.
IL-1␤ was previously found to inhibit BDNF induction of Akt phosphorylation, but it was not established whether mTOR signaling or autophagy was affected (5) . Fig. 7C shows that 24 h of IL-1␤ treatment suppresses mTOR phosphorylation at Ser-2448 by BDNF but did not further suppress mTOR activation in cells treated with BDNF and rapamycin. This supports the hypothesis that IL-1␤ inhibits the same pathway targeted by rapamycin, namely mTOR. Furthermore, IL-1␤ regulation of BDNF signaling through mTOR is functionally significant, as BDNF activation of S6 was similarly modulated by these treatments; BDNF increased phosphorylation levels of S6, and this was inhibited by both rapamycin and IL-1␤ (Fig. 7C ). Finally, examination of LC3 puncta load in cells treated with or without Baf A1 revealed that similar to rapamycin the addition of IL-1␤ to BDNF indeed elevated autophagic flux compared with BDNF treatment alone (Fig. 7D) . Together, the survival, signaling, and autophagic flux data support the idea that IL-1␤ acts as an 
DISCUSSION
The present data show that BDNF signaling through mTOR supports neuron survival primarily through modulation of autophagy rather than through an increase in mTOR-dependent total protein synthesis or by blocking caspase-3-dependent cell death. Our data clearly show that the mTOR pathway activation is necessary for BDNF protection, as either rapamycin or p70S6K knockdown blocked BDNF rescue. Neurons in deprived conditions exhibited similar levels of mTOR-dependent protein synthesis after 24 h, regardless of BDNF treatment, suggesting that translation modulation is not the primary mechanism of BDNF-mTOR-dependent survival. Furthermore, neurons treated with BDNF and rapamycin died with low levels of active cleaved caspase-3 and high levels of autophagy. In contrast, multiple measurements of autophagy confirmed that addition of rapamycin elevated autophagic flux 24 h after treatment compared with BDNF treatment alone, and genetic knockdown of the autophagy gene Atg7 or Atg5 delayed cell death in the presence of BDNF with rapamycin. Finally, acting as an endogenous inhibitor of mTOR, IL-1␤ induced cell death associated with excess autophagy and low active caspase-3 levels in neurons treated with BDNF. These data suggest that a context of mTOR inhibition due to inflammatory cytokines or rapamycin treatment may switch the outcome of BDNF trophic signals from trophic to pro-death via excessive autophagy.
The protein synthesis experiments produced two results. First, rapamycin inhibited protein synthesis in both BDNFtreated and control neurons, suggesting that there was some low level of mTOR activation even in withdrawal conditions after 24 h. This may be because although mTOR is inactivated immediately upon trophic factor removal, after prolonged deprivation mTOR can be partially re-activated by metabolites released from the autolysosome (59) . Second, because a low concentration of anisomycin blocked BDNF-dependent rescue without reducing survival in withdrawal medium, BDNF may also promote cell survival through induction of mTOR-independent protein synthesis. Translation of a subset of mRNAs can continue despite mTOR inhibition using cap-independent initiation if the mRNA has an internal ribosome entry site. In fact, some reports have found that translation of stress proteins such as heat shock proteins is enhanced during suppressed mTOR signaling (65, 66) . We conclude that although protein synthesis may be generally essential for neuron survival, the primary role of activated mTOR in mediating BDNF rescue is through regulation of autophagy. These data also illustrate the multiple roles of BDNF/mTOR signaling in neurons and the importance of signaling compartmentalization. In dendrites, mTOR-dependent protein synthesis is essential to mediate BDNF's effects on plasticity (13) , although precise control of mTOR-dependent autophagy is essential in the cell body to mediate BDNF-dependent survival. Local BDNF/mTOR modulation of autophagy, however, may also play a role in synaptic plasticity, as blocking mTOR activation in stimulated neurons induces autophagy-mediated AMPA receptor degradation in spines (63) . Further research is needed to clarify the role of BDNF and mTOR in activity-dependent autophagy.
It was previously established that trophic factor withdrawal results in caspase-3-mediated apoptosis (10) . Although rapamycin is known to increase autophagic flux (47, 48) , in our experiments rapamycin exposure in withdrawal medium in the absence of BDNF did not switch the cell death phenotype away from caspase-mediated apoptosis to death characterized by low caspase-3 and high autophagic flux. Why then did addition of BDNF to rapamycin-treated cells switch cell death from caspase-associated to caspase-independent? One possibility is that in addition to suppressing active caspase-3 levels, BDNF primes neurons for degradative clearance through autophagic initiation while concomitantly suppressing autophagic flux through mTOR activation (diagrammed in Fig. 8 ). Rapamycin alone removes mTOR inhibition of autophagic flux but may be insufficient to maintain high levels of flux in cells without BDNF-dependent autophagic initiation. Consistent with this idea, BDNF increased LC3-I/II levels after 6 h of treatment and maintained an elevated LC3 puncta number during 24 h of treatment regardless of mTOR suppression. Indeed, the formation of new autophagosomes can occur independent of mTOR and requires activation of a complex of proteins containing the class III phosphatidylinositol 3-kinase (PI3K), Vps34, and Beclin (26, 67, 68) . Therefore, treatment with BDNF during mTOR inhibition may have a dual effect of both accelerating autophagic induction and flux and removing the p70S6K feedback inhibition that normally dampens PI3K-dependent autophagic initiation.
The functional relationship between autophagy and cell death is complex (22, 69) . Under certain conditions, especially when the apoptotic machinery is intact and active caspase levels are high, autophagy acts as a stress adaptation that prevents cell death. This is consistent with the beneficial effects of rapamycin for autophagy induction in transgenic animal models of Alzheimer disease, in which the activity levels of caspases are high (46, 70) . Under other conditions, however, autophagy can contribute to cell death (21, 62, (71) (72) (73) . The clearest evidence for autophagy as a cell death mechanism comes from cellular models deficient in apoptosis. For instance, autophagic cell death can be induced by etoposide (an inhibitor of topoisomer-FIGURE 6. Autophagy reduction rescues neurons co-treated with BDNF and rapamycin. A, Western blots of lentivirus-infected cells show Atg7 and Atg5 knockdown by shAtg7 and shAtg5, respectively. Actin normalization revealed specific knockdown by each shRNA construct. Knockdown effects were more evident in survival experiments, in which only GFP ϩ neurons were analyzed, than in Western blot validation, probably reflecting low transfection efficiency. Functional reduction in autophagy is shown by reduced ratio of LC3-II to LC3-I proteins. B, infected cells express GFP and were scored as living if they stained positive for DiI and for the pan-neuronal marker Millimark. Infected cells were scored as dead if they expressed GFP but were DiInegative and stained negative or at a low level with Millimark. C, quantification of B, three independent experiments for a total of at least 75 transfected neurons per group. Autophagy suppression increases neuron survival in cotreatment with BDNF and rapamycin. Scale bar, 20 m, ***, p Ͻ 0.001. ase II and a common apoptotic reagent) in cells from Bax Ϫ/Ϫ / Bak Ϫ/Ϫ double knock-out mice (74) . Our results are consistent with these studies and suggest a role of BDNF in inhibition of both apoptosis and excessive autophagy. We further show that both rapamycin and IL-1␤ primarily activate mTOR-sensitive autophagy in neurons where apoptosis is inhibited by BDNF; therefore, inducing autophagy forces cells to die independent of caspase-3 activation (Fig. 7D) .
The trophic factor deprivation paradigm shares some mechanisms with aging, because levels of trophic factors are known to decrease with age and aged brains have less activation of trophic factor signaling pathway molecules (80, 81). Furthermore, many endogenous features associated with brain aging can alter mTOR signaling, including elevated cytokine levels (56) . Previously, our laboratory reported that IL-1␤ blocks BDNF promotion of both plasticity (82) and neuron survival (5) in a paradigm of neurotrophin resistance. This study extends the effect of IL-1␤ modulation to BDNF activation of mTOR and cell survival through suppression of autophagic flux. This is in agreement with other publications, which show that activation of the interleukin-1 receptor/Toll-like receptors induces autophagy (83, 84) . In fact, chronic inflammation is reported to reduce the responsiveness of mTOR to trophic factor activation through inhibitory phosphorylation of receptor adaptor proteins and result in elevated autophagy in adipocytes (85) . IL-1␤ has also been reported to modulate mTOR reactivity through IKK␤ action immediately upstream of mTOR, at TSC1 (86), suggesting that IL-1␤ can resemble an endogenous rapamycin analog.
In all, these findings suggest that modulation of BDNF-induced mTOR activation controls autophagy and neurodegeneration. Thus, our data suggest that it may be advantageous to minimize chronic inflammation to preserve endogenous trophic function or promote positive outcomes during therapeutic treatments with trophic factors (1) (2) (3) (87) (88) (89) . Also, the data suggest that pharmacologically inducing autophagy to clear pathological protein aggregates may further drive degeneration if the endogenous inhibitory feedback pathways are overridden. Perhaps a safer method to induce protein clearance through autophagy might be through fasting (90) or physical exercise (91) . Overall, pharmaceutical and nonpharmaceutical strategies to regulate mTOR would be a valuable focus for therapeutic interventions.
